Jul. 9, 1996 U.S. Patent
OZ ---E L H Ø I T T O H I N O O ~-\7 L H 9 I T T O H I N O O --L H Ø I T T V N O I S U.S. Patent
Jul. 9, 1996 Sheet 8 of 9 5,535,001 The invention relates to an all-optical device for directly controlling a light with a light, and more particularly to an ultra-high speed all-optical device used as an optical control device in optical fiber communication and optical data processing. 2. Description of the Related Art It is absolutely necessary to drive a device for accom plishing optical control at higher speed in order to operate an optical fiber communication system or data processing sys tem at higher speed. In a conventional optical control device, the optical control has been carried out with electrical signals. However, in these days, attention is attracted to a process in which a light is directly controlled with a light, in order to carry out higher speed operation. This process has many advantages including that the operation speed thereof is not restricted by a CR time constant of an electrical circuit, and that optical pulses by which it is possible to generate pulses quite shorter than electrical pulses are directly avail able. However, many unsolved problems have to be over come in order to establish such an all-optical device. In particular, many requirements have to be satisfied simulta neously for establishing such an all-optical device. The many requirements include functions of the device, low power operation, high transmittance of a signal light, and high repetition operation. It is preferred for the functions of the device to include that a route of a signal light can be switched by a control light, and also that such devices can be cascaded. Devices which satisfy these requirements include a Mach-Zehnder type waveguide device and a directional coupler type waveguide device. Among these two devices, a Mach-Zehnder type waveguide device is considered to be superior to a directional coupler type waveguide device because the former needs only half the optical power of the latter for operation.
Whatever form an all-optical device may have, the opera tion of an all-optical device is based on nonlinear refractive index change. In other words, the speed and energy for operation of an all-optical device is dependent on the speed and/or efficiency of nonlinear refractive index change. There are various nonlinear optical phenomena which accompany nonlinear refractive index change. Such phenomena can be grouped into two groups, one of which is resonantly enhanced phenomena and the other is not. Even in the present stage, if the nonresonant effects are utilized, an all-optical device could perform ultra-high repetition opera tion at more than THz. However, such an all-optical device has the disadvantage that it requires a high optical power. Accordingly, it is necessary to reduce an optical intensity by resonantly enhanced effects. The resonantly enhanced effects can be grouped into coherent effects and others.
For accomplishing an ultra-fast response, the coherent effects are preferred in which a response time is not restricted by a longitudinal relaxation time of an electronic system. Here, the coherent effects are those in which cor relations in phase are maintained between electronic wave functions and optical fields throughout interaction of a light with a material. In order to achieve a coherent interaction, it is necessary that the optical pulse width be shorter than the phase relaxation time of the material in which the interaction takes place. In the case of room temperature bulk GaAs, the phase relaxation time is approximately in the range of 0.1 to 0.2 ps. When the optical pulse width is longer than the phase relaxation time, real carrier generation occurs. The operation speed is restricted by slow longitudinal relaxation due to the real carrier generation, and in addition thereto, the coherent effects are prevented to reveal. It has been shown that even when the optical pulse width is shorter than the phase relaxation time, the real carrier generation still occurs via the two-photon absorption process. The higher a pulse repetition frequency, the greater is the accumulation of real carrier generation. Accordingly, though ultra high speed phenom ena can be observed with ultra-short pulses in the femto seconds order, generated by a mode-locked laser, and having a repetition rate of approximately 100 MHz, it is expected that the ultra high speed phenomena cannot be observed due to influences of the real carrier generation as the repetition frequency increases. The above mentioned 100 MHz is a frequency slower than carrier lifetime. For the aforemen tioned reasons, at the present stage, it is considered to be impossible to establish an all-optical device which is capable of ultra-high repetition operation utilizing resonantly enhanced coherent effects such as AC-Stark effect.
On the other hand, resonantly enhanced incoherent effects caused by real carrier generation is considered to be able to operate at low power smaller than watt, and hence is quite practical. However, switch-off time of a device or relaxation time of nonlinear refractive index is restricted by longitu dinal relaxation time or interband recombination time of a carrier. In the case of GaAs, the interband recombination time is on the order of nanoseconds, and thus it is impossible to utilize the high speed of a light.
Accordingly, it is desired to shorten relaxation time of resonant incoherent effects such as band-filling effect by any means. There can be considered several processes for increasing a speed of relaxation time of band-filling effect.
One of them is to introduce recombination centers via proton bombardment, but may entail reduction of nonlinearity. The increase in speed of relaxation time due to surface levels is effective to a simple form such as etalon, but may entail doubts in compatibility with waveguide devices and also may have a limitation in increasing the operation speed. By any conventional processes such as above mentioned, it is impossible to achieve operation on the order of picoseconds for taking advantage of the high speed of a light, and in addition, conventional processes entail the reduction of nonlinearity.
SUMMARY OF THE INVENTION
It is an object of the present invention to provide an optical circuit capable of solving the problems as above mentioned with respect to the physical properties of non linear material, namely, a Mach-Zehnder type all-optical device switch-off time of which is not dependent on the longitudinal relaxation time of the nonlinear effects.
The invention provides a Mach-Zehnder type all-optical device for controlling a signal light with a control light, including two arms for constituting a Mach-Zehnder con figuration, each of the arms being composed at least partially of material having third order optical nonlinearity, and a device for introducing a control light to a portion of each of the arms having optical nonlinearity.
The invention further provides a Mach-Zehnder type all-optical device for controlling a signal light with a control light, including two arms for constituting a Mach-Zehnder configuration, each of the arms being composed at least 5.535,001 3 partially of material having absorption saturation character istics and nonlinear refractive index change associated there with, and a device for introducing a control light to a portion of each of the arms having optical nonlinearity.
In a preferred embodiment, the optical nonlinearity of the arms are approximately identical with each other, In another preferred embodiment, the Mach-Zehnder type all-optical device further includes a device for splitting a control light into two beams and then introducing each beam to each of the portions having optical nonlinearity.
In still another preferred embodiment, each of the two beams is introduced to each of the portions with a time gap.
The present invention further provides a Nach-Zehnder type all-optical device for controlling a signal light with a control light, including two arms for constituting a Mach Zehnder configuration, each of the arms being composed at a plurality of portions thereof of material having third order optical nonlinearity, and a device for independently intro ducing a control light to each of the plurality of portions.
The present invention further provides a Mach-Zehnder type all-optical device for controlling a signal light with a control light, including two arms for constituting a Mach Zehnder configuration, each of the arms being composed at a plurality of portions thereof of material having absorption saturation characteristics and nonlinear refractive index change associated therewith, and a device for introducing a control light to each of the portions having optical nonlin earity.
The advantages obtained by the aforementioned present invention will be described hereinbelow.
By the Mach-Zehnder type all-optical device in accor dance with the invention, it is now possible to provide an all-optical device which can achieve low power operation and ultra-high-speed switching without the switching speed being restricted by the relaxation time of the nonlinear material.
The above and other objects and advantageous features of the present invention will be made apparent from the foll lowing description made with reference to the accompany ing drawings, in which like reference characters designate the same or similar parts throughout the drawings. 
DESCRIPTION OF THE PREFERRED EMBODI MENTS
Preferred embodiments in accordance with the invention will be explained hereinbelow with reference to drawings. At first, hereinbelow is explained prior art for a better understanding the present invention. FIG. 1 illustrates a conventional Mach-Zehnder type all-optical device. As illustrated in FIG. 1 , the Mach-Ze hnder type all-optical switch 1 includes first and second 3dB couplers 10 and 12, a wavelength selective coupler 14, a nonlinear waveguide 16 made of nonlinear material, an input port 20 for introducing a signal light therethrough, an input port 22 for introducing a control light therethrough, a first output port 24, a second output port 26, and optical waveguide 18 for connecting the foregoing with one another. The first and second 3dB couplers 10 and 12, the wavelength selective coupler 14, the input and output ports 20, 22, 24 and 26 and the waveguide 18 are all composed of optical fibers, and the nonlinear waveguide 16 is one made of a semiconductor of the type of GaAs core/AlGaAs clad. It should be noted that all elements as aforementioned may be composed of semiconductor. A signal light is introduced into the all-optical switch 1 through the input port 20, and then split into two beams by the first 3dB coupler 10 to introduce each of first and second arms 28 and 30. The split signal lights transmitting through the first and second arms 28 and 30 interfere with each other in the second coupler 12 to thereby be joined together. Which port 24 or 26 the signal light interfered with and hence joined in the second coupler 12 transmits to depends on relative phase at the second coupler 12 between the split signal lights transmitting through the first and second arms 28 and 30. That is to say, when the optical lengths of the first and second arms 28 and 30 are equal to each other, the signal light joined together is again split to the first and second output ports 24 and 26. On the other hand, when the optical length of the first arm 28 is shorter than that of the second arm 30 by 4-wavelength, the signal light joined together is all introduced to the first output port 24. To the contrary, when the optical length of the first arm 28 is longer than that of the second arm 30 by 4-wavelength, the signal light joined together is all intro duced to the second output port 26. Accordingly, it is possible to introduce the signal light introduced through the input port 20 to a desired output port 24 or 26 by varying the optical length of either of the first or second arm 28 or 30. The optical length is defined as a product of an actual propagated distance of a light and the refractive index. Thus, in a conventional Mach-Zehnder type all-optical device, nonlinear material is inserted into the second arm 30, and the refractive index of the nonlinear waveguide 16 in the second arm 30 and hence the optical length of the second arm 30 may be varied by optically exciting the nonlinear material.
Accordingly, an output port through which a signal light is to be transmitted can be switched by varying the refractive index of the nonlinear waveguide with a control light, and thereby it is possible to directly control a light with a light. As is known in the art, this is just the operation of an all-optical device. Since nonlinear material (GaAs) having an absorption edge of about 870 nm is transparent with respect to the wavelength of a signal light (900 nm), there is 5 almost no loss in a signal light due to absorption. For the same reason, change due to a signal light in the refractive index of the nonlinear waveguide is negligible. This is because that the foregoing phenomenon is nonresonant in which the wavelength of a signal light is not resonant with the material, and hence a great change in the refractive index will not occur at the wavelength unless the signal light intensity is exceedingly high.
On the other hand, the wavelength (865 nm) of a control light introduced into the nonlinear waveguide 16 through the wavelength selective coupler 14 is shorter than that of an absorption edge of a core of the nonlinear waveguide passage 16, and hence the control light is absorbed by the nonlinear material (incoherent resonant excitation). As aforementioned, in resonant excitation, even low power excitation can cause a great change in the refractive index. In particular, as in the conventional device, it is possible to establish an all-optical device in which the nonlinearity is large, and the operation energy is small in the case of resonant absorption type nonlinear refractive index change. Thus, the resonant absorption type nonlinearity enables to achieve an all-optical device which can operate with low energy, but entails a problem that the operation speed is restricted by longitudinal relaxation time or carrier life time of excited photo carriers. Hereinbelow will be explained this situation with reference to FIGS. 1 and 2. As illustrated in FIG. 2 , a number of carriers rapidly increases in proportion to the absorption of a pulse of the control light, and thereafter decrease due to recombination process. The refractive index of the nonlinear material is, in rough approximation, in approximate proportion to a num ber of internally excited carriers. If the energy of the control light pulses is such that it can generate a number of the carriers so that the optical length of the arm 30 is changed by /2-wavelength, the optical output from the output ports 2 4 and 26 varies as illustrated in FIG.2 . When the carriers are rapidly excited by the control light, the refractive index of the nonlinear waveguide 16 is accordingly varied to thereby change the optical length of the arm 30. Hence, the signal light output is rapidly switched from the output port 26 to the output port 24. However, since lifetime of the excited carriers is hundreds of picoseconds, recovery of the refrac tive index is restricted by that. As a result, the switching waveforms have a long tail as illustrated in FIG. 2 , in spite of the use of excitation light having short pulses.
Hereinbelow will be explained the preferred embodi ments in accordance with the invention.
The invention resolves the above mentioned problem of the slow switch-off time. FIG. 3 illustrates a first embodi 6 ment of the Mach-Zehnder type all-optical device in accor dance with the invention. The all-optical device 2 in accor dance with the invention is different from the conventional all-optical device 1 illustrated in FIG. 1 in that the all-optical 5 device 2 has at both of the arms 28 and 30 first and second input ports 22 and 40 through which first and second control lights are introduced into the all-optical device 2 respec tively, and that the all-optical device 2 is symmetrical with respect to top and bottom thereof. More specifically, the all-optical device 2 includes an additional input port 40 through which a second control light is introduced into the all-optical device 2, connected to the second arm 8 through a second wavelength selective coupler 42, and a nonlinear waveguide 44 disposed in the second arm 28 .  FIG. 4 in FIG. 4 , the second control light excites the second arm 28 when 50 picoseconds has passed after the excitation by the first control light. The pulse energy of the second control light is such that the pulse energy excites carriers remaining in the nonlinear waveguide 16 at the moment when the second control light excites the nonlinear waveguide 44. This means that the second control light has weaker energy than the first control light. Accordingly, at the moment when the second control light excites the nonlinear waveguide 44, the effective length of the second arm 28 becomes identical to that of the first arm 30. Consequently, as illustrated in  FIG. 4 , the output light transmitted through the port 24 rapidly rises up when the first control light excites the carriers in the nonlinear waveguide 16 (switch-on), and rapidly falls down or returns to the original situation when the second control light excites the carriers in the nonlinear waveguide 44 (switch-off). As a result, the switching speed of the all-optical device is not dependent on the relaxation time of the nonlinear material.
The foregoing can be proved by the following simple calculations. Assumptions made in the calculations are as follows.
(a) The control pulses are sech-shaped. (c) An all-optical device is an ideal Mach-Zehnder type all-optical device. 5 means a number subtracting a number of carriers in the semiconductor nonlinear waveguide 44 from a number of carriers in the semiconductor nonlinear waveguide 16, and is preferable to be zero after switching similarly to the switching waveform. Thus, it can be understood that the second control pulse can entirely cancel the slow nonlinear refractive index change generated due to the first control pulse. Since it is assumed that the relaxation speed of the nonlinear refractive index change is 1 ns, a difference in energy between the pulses is negligibly small. However, if the relaxation speed is increased by whatever means, it is necessary to establish the appropriate relationship between the pulse energies for obtaining the improved switching characteristics.
In the all-optical switch, switch-off as well as switch-on is dependent on ultra-fast optical absorption in principle of the operation. Thus, the switching waveform entirely follow the excitation pulse, and further the use of pulses shorter than the switching speed enables to obtain square switching waveform (digital switching waveform) as can be seen in  FIG. 5 . Thus, the switching speed is not dependent on the relaxation in the nonlinear refractive index change, but is dependent on the time difference between the first and second control pulses, and hence, if such ultra-short pulses can be established, the switching speed corresponding to such pulses can be obtained.
In the above mentioned embodiment, there are disposed a plurality of input ports through which the control lights are transmitted into the all-optical device. However, in a prac tical sense, it is preferable to introduce a single control light through an input port and then split the control light in the all-optical device. An example embodied in such a way is optical device 3 in accordance with the second embodiment, . a control light introduced through a single input port 50 is approximately bisected by a 3 dB coupler 52, and then the thus split control lights are transmitted to the first and second arms 30 and 28 through first and second wavelength selec tive couplers 56 and 54, respectively. The switching speed is dependent on a difference in optical length between optical length from a 3dB coupler 52 to the nonlinear waveguide 44 and optical length from the 3dB coupler 52 to the nonlinear waveguide passage 16. As is clearly understood from FIG. 6, the nonlinear waveguide 16 is first excited. However, attention should be paid to the following. The coupler 52 is not an exact 3 dB coupler, but is arranged to ensure that pulse energy is assigned to the second arm 28 for generating carriers remaining in the nonlinear waveguide 16 at the moment when the nonlinear waveguide 44 is excited.
As explained hereinabove, the all-optical device in accor dance with the invention excites the nonlinear waveguides in the arms with a time difference, to thereby establish ultra high-speed switching not dependent on the relaxation time of nonlinearity. in FIG. 6 except that the illustrated device has two input ports 50 and 60 through which control lights are to be transmitted. The operation of the input ports 50 and 60 is independent from each other because they are dependent on different nonlinear waveguides. Accordingly, it is possible to achieve doubled operation frequency by operating the input ports 50 and 60 with excitation light pulses having different phases but the same frequency. The illustrated embodiment has two sets of input ports, however, it is possible to achieve ten times the operation speed by arranging ten sets of input ports. In addition, the same effects as aforementioned can be obtained by appropriately arranging the saturation characteristics of the nonlinear waveguides. The example is shown in FIGS. 8 and 9. FIG. 8 shows a general relationship in a semiconductor of which the nonlinear waveguide is composed, between the density of photocarriers generated by a control light having excitation resonant wavelength, and the light transmittance at the same wavelength. In the embodiment, the semicon ductor is a quantum well of GaAs or GaAs/AlGaAs. The light absorption decreases as the density of carriers present in the semiconductor increases, and reaches almost zero (0) when the carrier density reaches approximate 6x10' ?cc. This is a phenomenon in which the absorption coefficient is reduced as the intensity of the control light increases, and is called absorption saturation. Accordingly, in the event that the nonlinear waveguide is constructed from a semiconduc tor as aforementioned and its core is optically excited starting from an end thereof, the distribution of the carrier density along the nonlinear waveguide is much influenced by the above mentioned absorption saturation characteris tics.
FIG . 9 shows the situation of how the distribution is influenced is by the absorption saturation, FIG.9 schemati cally illustrates the distribution of photocarriers in the event that the semiconductor waveguide is optically excited under the conditions as mentioned above. Each rectangle denotes the same semiconductor waveguide. Here, for the sake of simplification, it is assumed that the rectangle has three sections A, B and C. Time is denoted by a small letter "t". The situations are depicted correspondingly to each time. As is depicted in FIG. 9 at the top, the semiconductor waveguide is not still optically excited at t=0. At t=1, the waveguide is optically excited at the left end thereof, and thus the section A is first absorption-saturated. In FIG. 9 , the absorption-saturated section(s) is(are) denoted with hatch ing. At t=2, a next control pulse excites the waveguide passage from the left. As is illustrated in the second row in  FIG. 9 , since the section. A has already been absorption saturated, the control pulse passes through the section A and then is absorbed in the section B to thereby bleach the section B. Thus, the section B is absorption-saturated. At t=3, a next control pulse comes into the waveguide. Since the sections A and B have been already absorption saturated, the control pulse is absorbed in the section C to thereby bleach the section C. Hereinbelow, it is assumed that a photocarrier has the lifetime of 2.5 in the semiconductor on the same time unit as that of "t'. In FIG. 9 , time t denotes a time having passed after each section has been optically excited. At t=3, the all sections A, B and C have been bleached, but a time interval t'=2 has already passed after the 5,535,001 9 section A has been absorption-saturated. Accordingly, the section A recovers from the absorption-saturation before a next control pulse reaches the section A at t=4. The waveguides shown on the right column in FIG. 9 indicates that the waveguide has a section or sections recovering from the absorption-saturation. At t=4, a next pulse comes into the waveguide. At this time, since the section A recovers from the absorption-saturation, the control pulse is absorbed in the section A to thereby bleach the section A again. Also at this time, since a time interval t'=2 has already passed after the section B has been absorption-saturated, the section B recovers from the absorption-saturation before a next control pulse reaches the waveguide, as is illustrated at the second row on the right column. Accordingly, at t=5, the section B absorbs the control pulse and hence is absorption-saturated.
Next, the section C recovers from the absorption-satura tion since a time interval t'=2 has already passed after the section C has been absorption-saturated, and is bleached again at t=6. As aforementioned, by appropriately arranging the absorption saturation characteristics of the nonlinear waveguide, it is possible to absorption-saturate spatially different sections in the waveguide in turn. Thus, even when the repetition frequency of the control pulse is faster than an inverse of the relaxation time or carrier lifetime of the nonlinear waveguide, it is possible to respond to the control pulse. An all-optical device capable of achieving the fore going is equivalent to one which has a plurality of portions having nonlinearity and in which such portions are in turn excited. Such an all-optical device is in principle similar to the all-optical device illustrated in FIG. 7 , however, is considered to be a perfect device with respect to the opera tion because it has only a single input port through which the control light is transmitted to the nonlinear waveguide.
Hereinabove have been explained so far about an all optical device in which the switching speed is not restricted by the relaxation time of the nonlinear material. However, it should be noted that the scope of the invention is not limited to the aforementioned embodiments. In the embodiments, the description has been made with reference to the nonlin ear refractive index change caused by real carrier generation of photocarriers in GaAs, however, the invention is appli cable to semiconductors such as InP and InCaAsP organic material and other materials. The mechanism for the non linear refractive index change is not limited to the above mentioned carrier generation (band-filling). If electrons and holes are electrically injected into the semiconductor waveguide, like the case of semiconductor laser amplifier, similarly efficient, but slow nonlinearity occurs by stimu lated emission caused by the control light. This and other efficient, but slow nonlinearities are equally suitable to the present invention. In addition, the embodiments have been limited, for the sake of simplifying the explanation, to the arrangement in which elements other than the nonlinear waveguide passage are composed of optical fibers, but it is also possible that the all-optical device be composed of semiconductors. Furthermore, though the Mach-Zehnder circuit is composed of a pair of 37573 dB couplers in the embodiments, the Mach-Zehnder circuit may be composed of Y-shaped optical circuit for splitting a beam or joining together split beams. The wavelength selective coupler can have any forms if it has satisfactory functions.
While the present invention has been described in con nection with certain preferred embodiments, it is to be understood that the subject matter encompassed by way of the present invention is not to be limited to those specific embodiments. On the contrary, it is intended for the subject matter of the invention to include all alternatives, modifi refractive index change associated therewith; first means introducing a first control light to said non linear portion of said first arm; and second means introducing a second control light, which has a time difference from said first control light, to said nonlinear portion of said second arm. 6. A Mach-Zehnder type all-optical device for controlling a signal light with a control light, comprising:
two arms for constituting a Mach-Zehnder configuration, each of said arms having a plurality of portions com posed of nonlinear material having third order optical nonlinearity characteristics; means for introducing a control light to each of said plurality of portions. 7. A Mach-Zehnder type all-optical device in accordance with claim 6, wherein the optical nonlinearity of said arms being approximately identical with each other. 8. A Mach-Zehnder type all-optical device in accordance with claim 6 further comprising means for splitting a control light into two beams and introducing said beam to said plurality of portions.
9. A Mach-Zehnder type all-optical device in accordance with claim 8, wherein there is a time gap between the introduction of said two beams, wherein the time gap is shorter than the time of said optical nonlinearity.
10. A Mach-Zehnder type all-optical device for control ling a signal light with a control light, comprising:
two arms for constituting a Mach-Zehnder configuration, each of said arms having a plurality of portions com posed of nonlinear material having absorption satura tion characteristics and nonlinear refractive index change associated therewith; and means for introducing a control light to each of said plurality of portions. 
